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ABSTRACT: Erythronium grand(florum, a montane herb, was sampled to
address the degree of genetic differentiation allocated to populations by isolation
by distance vs. the amount of genetic differentiation produced by-different
flowering times, or isolation by phenology. Isozyme analysis was used to obtain
genetic data from five populations of E. grandiflorum, three comprising the
elevational scale which addressed isolation by phenology, and three comprising the
spatial scale which explored isolation by distance. Based on the small sample size
used in this study, the elevational scale shows a slightly higher degree of genetic
differentiation than the spatial scale. Future studies that examine a larger number
of elevational and spatial tiers may be able to compare the effects with greater
statistical power.
INTRODUCTION
Genetic differentiation between populations has long been a topic of great interest in
evolutionary biology. However, the mechanisms that influence the degree of variation
between populations of the same species remain in question. A classical explanation for
genetic differentiation is Wright's isolation by distance model (1943). This model explains
the genetic differentiation between subpopulations that were once part of a larger,
continuous population. The distance between subpopulations (hereafter to be called
populations) demands at least some divergence in genetic makeup due to short range
dispersal of seeds and pollen (Wright, 1943). Therefore, the amount of genetic
differentiation between two populations is directly proportional to the geographical
distance between them (Slatkin, 1993).
Epling and Dobzhansky (1942) conducted an experiment that estimated the genotype
frequencies of two color morphs of Linanthus parryae, a flowering plant found in the
Mojave Desert of California. The large, continuous population was excellent for a study
of Isolation by Distance because the area is flat, causing a synchronization of flowering
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time throughout the entire population. L. parryae occurs in two colors, white and blue.
The blue color morph is rarer overall, but as one moved from one end of the population to
the other, the blue color morph became more prevalent. This partitioning of the
population into subpopulations of differing color frequencies was due to the results of
limited gene flow caused by increasing distance between plants - or Isolation by Distance.
However, there are other mechanisms that may also be important factors in population
variation.
Elevation may play a key role in the degree of genetic differentiation between
populations by influencing phenology, the flowering time of a population. If populations
do not overlap in flowering time, they cannot exchange pollen, leaving seed dispersal as
the only mode of gene flow. Limited gene flow between spatially distant populations and
different flowering times may both contribute to evolutionary divergence. However, the
extent to which each mechanism promotes genetic differentiation between populations is
unknown.
Several populations of the perennial herb Erythronium grandiflorum var. grandiflorum
Pursh were sampled in this study to help determine the extent to which each mechanism
may be responsible for genetic differentiation. E,ythronium grandiflorum (Liliaceae) is a
montane species that is prevalent in Rocky Mountain meadows and woodlands (Rigney,
1995). The herb is most commonly found either in its vegetative state or having from l to
2 flowers per plant, although as many as 21 flowers on one plant have been observed
(Egan, unpublished data). E. grandiflorum is frequently called the "Glacier Lily" because
it emerges and flowers immediately after the snow recedes. This makes E. grandiflorum
an ideal species for study because its flowering time can be tracked with the receding
snow. The herb grows at various elevations, creating a spectrum of populations having
distinct flowering times. This allows for a study to be conducted involving populations of
different flowering time, denoted here as "Isolation by Phenology." In addition, E.

3

grand~florum has a wide geographical range, allowing a population study involving
Isolation by Distance.
The goal of this study is to determine which has a greater effect on the genetic
differentiation between populations, spatial distance or a difference in flowering time.
The null hypothesis for this experiment is that there is no difference between the amount
of genetic differentiation between populations on the spatial scale verses populations on
the elevational scale.
MATERIALS AND METHODS
Five populations of E. grandiflorum were sampled to test the existing hypothesis.
Genetic data was collected using starch gel electrophoresis. Seven enzymes were stained,
yielding ten resolved loci.
Sampling
The five populations sampled were situated in relation to each other so that a
comparison between distance and different flowering times could be made (Table l ).
Three of the populations were located in the Smithfield Canyon drainage system of Cache
County, Utah. These populations made up the elevational scale, having approximately
215 to 300 meters in altitude between each population. The two remaining populations
were sampled during the same flowering period as the highest population from Smithfield
Canyon, each being from a different drainage system. These three high elevation
populations constitute the spatial scale. The high elevation populations were much farther
apart, in kilometers, from each other than were the populations of the elevational scale
(Figure 1). This geographical framework allows for the two mechanisms to be effectively
tested against each other.
Between thirty and thirty-four individuals were sampled from each population (Table
1). Plants were sampled at least 5 meters apart along parallel transects, each transect
being from 10 to 15 meters apart. One leaf from each plant was cut, labeled, and sealed
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individually in a plastic bag. The samples were transported to the lab on ice where they
were kept at 4° C for 1 to 4 weeks.
Isozyme Analysis
A small piece of leaf tissue was ground in the grinding buffer of Pleasants and Wendel
(1989). Seven enzyme systems were assayed on three different buffer systems (Table 2).
Phosphoglucoisomerase (PGI; EC 5 .3.1.9) was assayed following the schedule of Soltis et

al. (1983) and Esterase (EST; EC 3.1.1.-) following Wendel and Weeden (1989); both
were stained using the system 8 buffer of Soltis et al. (1983). Gels stained for
phosphoglucomutase (PGM; EC 5.4.2.2) and Fructose-1,6-diphosphate (Fl,6DP; EC
3.1.3.11) were assayed on Soltis et al. 's (1983) system 11 buffer. Both Fl,6DP and PGM
follow the schedules outlined in Soltis et al. (1983). Electrophoresis was performed on a
morpholine-citrate system (adjusted to pH 6.4) of Odrzykoski and Gottlieb (1984) and
gels were stained for 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.14 ), isocitrate
dehydrogenase (IDH; EC 1.1.1.42), and malate dehydrogenase (MDH; EC 1.1.1.37), all
following Soltis et al. (1983). Proteins separated on the morpholine-citrate system were
electrophoresed for 12 hours at 25 mA. Those isolated on the system 11 buffer and the
system 8 buffer were electrophoresed at 20 mA, also for 12 hours. The morpholine-citrate
buffer system was modified from Odrzykoski and Gottlieb (1984) by using 55 g starch per
450 ml gel buffer instead of 50 g. Resolution ofMDH, IDH, and Fl,6DP was enhanced
by the addition of 15.7 5 g sucrose (3. 5% w/v) to the gel buffer, as recommended by
Wendel and Weeden (1989). All enzymes migrated anodally. Where enzymes manifested
multiple loci, isozymes were designated with the most anodal locus as 'l '. Allozymes
were specified numerically with the fastest designated as 'l '. Images of gels were
documented and digitized using an Alphalnotech imaging system.
Data Analysis
Genotype data from 10 loci was obtained and analyzed using the FORTRAN-based
program, GeneStrut (Constantine, 1994). Wright's hierarchical F-statistics were used to
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quantify the amount of genetic differentiation between populations on each of the
elevational and spatial scales (Wright, 1965).
RESULTS AND DISCUSSION
Genetic Variability
Eight of the ten loci examined were polymorphic in one or more populations (Table 3).
The only two monomorphic loci were MDH-2 and Fl,6DP. GL and SC exhibited the
lowest percentage of polymorphic loci (P = 50% ). FP exhibited the highest percentage of
polymorphic loci (P = 80%). TG and MG revealed intermediate levels of polymorphism
(P = 60% and 70%, respectively). The elevational scale displayed a higher percentage of
polymorphic loci than did the spatial scale (P = 80% vs P = 70%). All populations were
fixed for the same allelic variant at PGI-1, except FP which presented a surprising spread
across three different alleles (Table 3).
At the 8 polymorphic loci, 28 alleles were detected for all populations combined. The
populations comprising the elevation scale manifested all 28 alleles, while those
comprising the spatial scale only revealed 25 alleles. The three missing alleles in the
spatial scale are manifested in the elevation scale by two different populations, I by SC at
EST and 2 by FP at PGI-1. The majority of the polymorphic loci shared the most
common allele between the spatial and elevational tiers (6PGD-1, IDH, MDH-1, PGM,
EST, and PGI-1). For PGI-2, all populations shared the fourth allele as the most
common, except FP which had the first allele as its most common allele. 6PGD-2
presented a most interesting case. The most common allele for the elevational scale is
clearly allele 2; however, the spatial scale revealed allele 3 to be the most common.
Genetic Differentiation
The average Fst value for the elevational tier is slightly higher than the average Fst for
the spatial tier (Fst = 0.074 vs. Fst = 0.057; Table 4). The elevational scale had one more
Fst value than does the spatial scale. This is due to the PGI-1 locus being monomorphic at
the spatial scale. The average Fst values for each scale are heavily influenced by one
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individual Fst value. The elevational scale's average Fst is influenced most by PGl-1,
consequently the same locus that is monomorphic in the spatial scale. The average Fst
value for the spatial scale is most heavily affected by the IDH locus. The IDH locus for
the elevational scale is the second highest - and therefore, second-most weighty - Fst
value.
The difference in the Fst values of the elevational and spatial scales is not large enough
to conclusively discriminate which of the two hypotheses, isolation by distance or isolation
by phenology, has a greater influence on genetic differentiation among populations of E.

grandiflorum. Due to the lack of statistical power of the data, the null hypothesis that
there is no difference between the degree of influence of isolation by distance versus
isolation by phenology cannot be refuted.
Perhaps the objective of this study could be resolved by sampling on a larger
geographical scale. Future studies might be conclusive if more populations were sampled.
The geographical structure could be expanded to include three different drainage systems,
each being sampled at three different elevations - yielding three elevational tiers and three
spatial tiers. Future studies are planned to include this sampling strategy and will also
sample two other geographical areas, the Wasatch mountains near Provo, Utah, and
populations of the Greater Yellowstone Ecosystem in Idaho and Montana. The increased
number of tiers will allow a simple comparison of variance between the populations. The
study could also benefit from an increase in the number of individuals sampled per
population. These modifications in experimental design may lead to a conclusion
regarding the isolation by distance vs. isolation by phenology hypotheses, increasing our
understanding of the evolutionary process.

ACKNOWLEDGMENTS
Thanks to Tasha Biesinger, Melissa O'delle, Robert Montgomery, and Roger H. Egan for
collection assistance. Much Thanks to Paul G. Wolf and Sedonia D. Sipes for technical
assistance, and to Paul G. Wolf, Carol von Dohlen, and Aimee B. Hyde for helpful
comments and editing. This study was funded through a Howard Hughes Medical
Institute fellowship.

REFERENCES

Constantine, C. C., R. P. Hobbs, and A. J. Lymbery. 1994. FORTRAN programs
for analyzing population structure from multilocus genotypic data. Journal
of Heredity 85: 336-337.
Odrzykoskj, I. J., and L. D. Gottlieb. 1984. Duplications of genes coding
6-phosphogluconate dehydrogenase in Clarkia (Onagraceae) and their phylogenetic
implications. American Fem Journal 73: 9-27.
Pleasants, J. M., and J. F. Wendel. 1989. Genetic diversity in a clonal narrow endemic,
Erythronium propullans, and in its widespread progenitor, Erythronium albidum.
American Journal of Botany 76: 1136-1151.
Rigney, L. P. 1995. Postfertilization causes of differential success of pollen donors in
Erythronium grandiflorum (Liliaceae): nonrandom ovule abortion. American Journal of
Botany 82: 578-584.
Slatkin, M. 1993. Isolation by distance in equilibrium and non-equilibrium populations.
Evolution 47: 264-279.
Soltis, D. E., C.H. Haufler, D. C. Darrow, and G. J. Gastony. 1983. Starch gel
electrophoresis of fems: a compilation of grinding buffers, gel and electrode buffers, and
staining schedules. American Fem Journal 73: 9-27.
Wendel, J. F., and N. F. Weeden. 1989. Visualization and interpretation of plant
isozymes. In: Isozymes of plant biology. Soltis, D. E. and P. S. Soltis eds. Portland,
Oregon: Dioscorides Press; 5-45.
Wright, S. 1943. Isolation by distance. Genetics 28: 114-138.
Wright, S. 1965. The interpretation of population structure with special regard to
systems of mating. Evolution 19: 395-420.

Figure I : Relative locations of the five Glacier lily populations sampled in Cache County,
Utah. The populations of the elevational scale are much closer than those of the spatial
scale. The populations are abbreviated as outlined in Table 1.
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Table 1: Locality information of glacier lily populations sampled. n = the number of
individuals samQled from each QOQulation.
Population (n)
Abbr.
Locality
Location
Elev. (m)
Scale*
N41.52.363
W111.45.089
Fallen Pine (30)
N41.53.586
FP Smithfield Canyon
W111.42.362
Mount Magog (34)
N41.54.138
MG Smithfield Canyon
W111.42.368
Glacier (34)
GL Rattlesnake Canyon N41.37.448
W111.59.675
N41.53.757
Tony Grove (34)
TG Logan Canyon
W111.53.757
* Elev. refers to the elevational scale whereas Stl. refers to the spatial

Scenic Canyons (33)

SC

Smithfield Canyon

1634

Elev.

1945

Elev.

2225

Elev. & Stl.

2195

Stl.

2450

Stl.

scale.

Table 2: Electrophoretic buffer systems and enzymes
stained for investigation of genetic differentiation of
the Glacier Lily.
Enzyme
Buffer
Locus
# alleles
6-phosphogluconate
dehydrogenase
lsocitrate Dehydrogenase
Malate Dehydrogenase

M
M
M

Fructose 1,6-Diphosphate 11
Phosphoglucomutase
11
Esterase
8Phosphoglucoisomerase
8-

6PGD-1
6PGD-2
IDH
MDH-1
MDH-2
F1 ,6DP
PGM
EST
PGl-1
PGl-2

M refers to Odrzykoski and Gottlieb's (1984) morpholine
citrate buffer. Systems 11 and 8- are described in Soltis
et al. (1983).

Table 3: Allele frequencies for 8 polymorphic loci for the five populations of Glacier
Lill. Abbreviations are the same as in Table 1.
Locus
allele
Allele Freguencies
GL
TG
SC
FP
MG
6PGD-1
6PGD-2

IDH

MDH-1

PGM

EST

PGl-1

PGl-2

1
2
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
4
5
6
7
8

0.712
0.288

0.800
0.200

0.580
0.420

0.617
0.383
0.222
0.722
0.056
0.100
0.900

1.000

0.985
0.015
1.000
0.113
0.806
0.081
1.000

0.018
0.786
0.196
0.433
0.567

0.038
0.212
0.077
0.404
0.019
0.115

0.448
0.293
0.259
0.321
0.089
0.143
0.125
0.107
0.161

0.135

0.054

0.618
0.382
0.059
0.515
0.426
0.016
0.984

0.721
0.279
0.152
0.348
0.500

0.794
0.206
0.088
0.368
0.544

1.000

0.029
0.956
0.015
0.015
0.970
0.015
0.132
0.868

0.061
0.924
0.015

0.515
0.485
0.015
0.941
0.044

1.000

1.000

0.167
0.833

0.029
0.971

1.000

1.000

1.000

0.017
0.133
0.200
0.250
0.067
0.167
0.100
0.067

0.117
0.217
0.083
0.367

0.030
0.333
0.076
0.485
0.015
0.061

0.133
0.050
0.033

Table 4: Summary of Fst values of the spatial and
elevational scales for each polymorphic locus.
Fst
Locus
Spatial Scale
Elevational Scale
6PGD-1
0.013
0.018
6PGD-2
0.005
-0.044*
IDH
0.368
0.141
MDH-1
-0.003*
0.017
PGM
0.006
0.097
EST
0.027
0.092
PGl-1
0.310
PGl-2
0.026
0.041
Average
0.057
0.074
* the negative values are due to a quirk in the
GeneStrut program and are treated essentially as
zero.

